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ABSTRACT 
Anisotropic magnetoresistance (AMR) of Cr2Ge2Te6 (CGT), a layered ferromagnetic 
insulator, is investigated under an applied hydrostatic pressure up to 2 GPa. The easy axis 
direction of the magnetization is inferred from the AMR saturation feature in the presence 
and absence of the applied pressure. At zero applied pressure, the easy axis is along the c-
direction or perpendicular to the layer. Upon application of a hydrostatic pressure>1 GPa, 
the uniaxial anisotropy switches to easy-plane anisotropy which drives the equilibrium 
magnetization from the c-axis to the ab-plane at zero magnetic field, which amounts to a 
giant magnetic anisotropy energy change (>100%). As the temperature is increased across 
the Curie temperature, the characteristic AMR effect gradually decreases and disappears. 
Our first-principles calculations confirm the giant magnetic anisotropy energy change with 
moderate pressure and assign its origin to the increased off-site spin-orbit interaction of Te 
atoms due to a shorter Cr-Te distance. Such a pressure-induced spin reorientation 
transition is very rare in three-dimensional ferromagnets, but it may be common to other 
layered ferromagnets with similar crystal structures to CGT, and therefore offers a unique 
way to control magnetic anisotropy.  
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I. INTRODUCTION 
Layered ferromagnets such as Cr2Ge2Te6 (CGT), CrI3 and Fe3GeTe2 have recently received a 
great deal of attention in the two-dimensional materials community [1-6]. As members of 
the van der Waals (vdW) material family, they are ideal candidates for both studying 
fundamental low-dimensional magnetism and fabricating heterostructures with other 
layered materials for potential spintronics applications. Recently, few layers and even 
monolayers of these materials have been successfully exfoliated and shown to retain 
ferromagnetic order at finite temperatures and exhibit fascinating magnetic properties 
such as the layer number dependence [1, 2]. These studies revealed the importance of both 
intra-layer and inter-layer interactions. Unique to these layered ferromagnets, the 3d 
transition metal elements such as Cr and Fe are sandwiched between heavier elements 
such as Te and I atoms in the outer layers, and the hybridization across the layers imparts a 
strong spin-orbit interaction in the heavy elements to the 3d transition metal elements, 
which consequently influences the magnetic anisotropy of the spins in the latter. In spite of 
the strong shape anisotropy, spins in most layered ferromagnets are aligned perpendicular 
to the layer, indicative of strong magneto-crystalline anisotropy. In contrast, the exchange 
interaction is primarily determined by the distance between the 3d transition metal atoms 
in the same layer. Clearly, understanding the intra- and inter-layer interactions between 
the spins in 3d transition metal atoms and their interactions with other heavy atoms will 
shed light on the microscopic origin of their magnetic properties. 
Application of pressure offers an effective way of manipulating inter- and intra-layer 
distances. Even under hydrostatic pressure, the response of the layered ferromagnets is 
expected to be highly anisotropic since the inter-atomic distances perpendicular to layers 
are more susceptible to the pressure than those parallel to layers, leading to a highly 
anisotropic response which is qualitatively different from three-dimensional (3D) 
ferromagnets. In typical 3D ferromagnets such as Fe, Ni [7], Fe3O4 [8], the magnetic 
anisotropy energy (MAE) change under 1 GPa hydrostatic pressure is only about a few 
percent, too small to cause any spin reorientation transition. In SrCoO3, a Co-based 
perovskite, a spin reorientation change under 1.1 GPa pressure was suggested by density 
functional theory calculations [9]. Recent calculations [10] also predict giant pressure 
induced changes in the MAE of a layered ferromagnet, Fe3GeTe2. Here, we employ a 
pressure cell to apply moderate hydrostatic pressure to a CGT crystal up to 2 GPa. Under 
each fixed pressure, we measure the magneto-transport properties above and below the 
Curie temperature (Tc~ 61 K). In its ferromagnetic phase, the magnetoresistance exhibits 
the characteristic anisotropic behavior with clear saturation above a certain magnetic field, 
which occurs when the magnetization is fully aligned with the magnetic field. The 
saturation feature is used to track the magnetization orientation of CGT. We find that the 
easy axis orientation undergoes a switching from the c-axis to ab-plane, i.e., spin 
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reorientation transition, upon applying >1 GPa pressure, which represents a giant MAE 
change compared to conventional 3D ferromagnets. This experimental effect is supported 
by our first-principles calculations that include Hubbard U as well as spin-orbit interaction. 
 
II. EXPERIMENTAL SETUP 
Single crystalline CGT samples are grown by the flux method [11] and cleaved along the ab-
plane to platelets of approximately 2 mm×1 mm×0.01 mm. A small amount of indium is 
first attached to the ends of the CGT sample before gold wires are connected from the 
sample to the feedthrough wires of the pressure cell for transport measurements. The 
electrical current flows along the ab-plane in the measurements. To ensure good insulation, 
the gold wires are coated with epoxy (Permatex PermaPoxy) and left in ambient 
atmosphere for at least 24 hours to fully cure. The sample is then mounted inside a high-
pressure cell module (Almax easyLab Pcell 30) that is part of an insert of Quantum Design’s 
Physical Property Measurement System (PPMS). Before any pressure is applied, the sample 
is immersed in a medium of pentane & iso-pentane with a mix ratio of 1:1. To prevent 
possible reaction with the medium, the sample is coated with a layer of PMMA. Pressure is 
applied to the sample through the transmitting medium by exerting a force on a series of 
tungsten carbide pistons and the pressure is estimated by reading a hydraulic pressure 
gauge. Due to the sample space limitation, only two wires are connected to the sample and 
the resistance is measured with this two-terminal geometry. Because of the insulating 
behavior of CGT itself [11], we expect that two-terminal resistance at low temperatures is 
dominated by the CGT resistance itself. The magneto-transport measurements are 
conducted in the PPMS down to 2 K and in a magnetic field up to 10 kOe. The highest 
pressure we have applied in this work is ~2 GPa. The magnetization measurements are 
conducted with Quantum Design’s Magnetic Property Measurement System. 
 
III. RESULTS 
Figure 1(a) is an illustration of the crystal structure of CGT containing Te-Ge-Cr-Ge-Te 
atomic layer units.  The distance between the centers of adjacent Ge-Cr-Te layers along 
[001] is ~0.7 nm, which is larger than other interatomic distances within each unit (e.g.,  
Te-Te: 0.4 nm, Cr-Te: 0.3 nm, Cr-Cr: 0.4 nm, Ge-Te: 0.4 nm or 0.3 nm and Ge-Ge: 0.2 
nm)[10]. Similar to other vdW materials, the weak inter-layer interaction allows for 
exfoliation down to monolayers. In bulk crystals, CGT has a Tc  of ~ 61 K and a band gap of 
~ 0.2 eV [12]. The magnetic moment of each Cr atom is found to be 2.23 μB from 
experiments [11].  Figure 1(b) displays the magnetization data measured on a CGT crystal 
at 5 K when the magnetic field H is parallel to the c-axis and ab-plane. Neither field 
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orientation shows any measurable hysteresis with clear remanent magnetization or 
coercive field, indicating a soft ferromagnetic behavior. However, the saturation fields are 
different between these two orientations. When H is applied parallel to the ab-plane, the 
saturation field Hs is ~5 kOe, which is larger than that in the direction parallel to the c-axis 
(~ 3 kOe). The anisotropy can be approximately described by a uniaxial term [4].  
We carry out magneto-transport measurements in CGT platelet samples across Tc. Figure 
2(a) plots the magnetoresistance ratio, R/R= 0
R R
R

 , here R and R0 being the two-
terminal resistances at finite and zero H respectively, measured at 5 K with H applied along 
the c-axis or ab-plane, i.e., perpendicular or parallel to the platelet, at zero applied 
pressure.  When H is applied in the ab-plane, it is along the current direction. As already 
inferred from Figure 1(b), the remanent state at H=0 does not have any net magnetization, 
indicating magnetic moment cancellation due to non-collinear spin configurations such as 
up and down closure-domain configurations. Hence, when H is oriented in the ab-plane, the 
magnetization process is expected to show the typical hard-axis behavior, i.e., the 
perpendicularly oriented spins rotate towards H. The final uniform single-domain state is 
reached at the saturation field Hs ~ 5 kOe. When the resistance is measured over the same 
field range, R/R shows a tendency to saturate, which is observed in Figure 2(b) (curve 
labelled as “H||ab”). The saturation behavior in R/R can be identified by the obvious slope 
change at ~5 kOe, corresponding well to the magnetization saturation field Hs. R/R 
saturation suggests the anisotropic magnetoresistance (AMR) origin, i.e., R depending on 
the relative orientation of magnetization direction with respect to current, which is 
common in conducting ferromagnetic materials [13]. Note that R decreases as the 
magnetization rotates towards the current direction. This AMR response indicates that the 
resistivity is larger when the magnetization is perpendicular to the current than when they 
are parallel, i.e., ρ > ρ‖, which has the opposite trend to most ferromagnetic materials [13]. 
Considering the platelet sample shape, the demagnetizing field is approximately equal to 
Ms which is ~ 1.8 kOe. From 𝐻𝑠 =
2𝐾𝑢
𝑀𝑠
− 4𝜋𝑀𝑠, we estimate the uniaxial anisotropy 
energy Ku to be ~ 3.65  105 erg/cm3, which agrees with the previously reported value 
[10]. 
 
When H is oriented along the c-axis, i.e., the easy axis, the magnetizing process is through 
domain wall motion until the single-domain state is realized. Since R is the same between 
the oppositely oriented spin directions, the single-domain state should have approximately 
the same resistance as the initial up- and down closure-domain state, providing that the 
domain-wall magnetoresistance is neglected, which is the case in most ferromagnets. 
Therefore, R should not change between the initial and final magnetization configurations 
from the AMR mechanism, and the observed smooth R/R curve is merely the magnetic 
5 
 
field H-dependent background, as shown in Figure 2(b) (curve labelled as “H||c”). This 
negative magnetoresistance background may be simply caused by suppressed spin-flip 
scattering at high magnetic fields. Clearly, the H||ab curve also contains a similar H-
dependent magnetoresistance background which can be seen in the high field region (H > 5 
kOe). In order to separate both effects, we perform polar angular dependence 
measurements by rotating the sample. As the CGT sample rotates in a constant magnetic 
field (10 kOe), i.e., xz from 0 to 90 as illustrated in Figure 2(a), the magnetization remains 
aligned with the fixed field direction but rotates relatively to the current. Thus, this 
experiment only tracks the magnetization orientation dependence with respect to the 
current direction, i.e., only AMR. The angular dependence can be well fitted with sin2 𝜃𝑥𝑧 
[14], as shown in Figure 2(c). Note that R/R is larger at xz =0 than xz=90, which is 
consistent with ρ‖ < ρ. The AMR signal rapidly decreases as the temperature approaches 
Tc, but it remains finite even above Tc due to aligned paramagnetic spins. The slightly 
smaller R/R at 5 K compared to 15 K could be due to the contact resistance which adds in 
serial to the two-terminal resistance.  
The pressured-induced AMR changes suggest more profound electronic property 
modifications due to the highly anisotropic atomic arrangements in layered materials. The 
electronic property changes, ranging from quantitative bandgap reduction to 
semiconductor-semimetal transition, occur in other layered materials such as black 
phosphorus, graphene and transition metal dichalcogenides [15-18]. To study the 
electronic properties of CGT, we measure the resistance vs. temperature under 0 and 2 GPa. 
The two-terminal R increases as the temperature is decreased, which is consistent with the 
previously reported insulating behavior [11]. Upon application of hydrostatic pressure, R 
decreases at room temperature. The difference in R between 0 and 2 GPa enlarges 
dramatically as the temperature is decreased. Figure 3 shows the temperature dependence 
of R under 0 GPa and 2 GPa from 100 to 280 K. Although R starts from approximately the 
same value at 280 K, at 100 K under 2 GPa, it is reduced to ~ 1/20 of the 0 GPa value. Over 
this temperature range, R in both cases can be fitted by the activated behavior with an 
energy gap Eg described by the Arrhenius equation, 0 exp( )
2
g
B
E
R R
k T
 , yielding Eg of 0.19 
eV at 0 GPa and 0.12 eV, decreased by 36.8% at 2 GPa. The 0 GPa bandgap is consistent 
with the previously reported value [11, 19]. Below 100 K, the increasing trend of R 
continues, but the rate of the increase becomes smaller and R deviates from the simple 
Arrhenius equation suggesting the variable range hopping. Hence we only model the 
pressure effect on the high-temperature R behavior by a decreased bandgap.  
To study the effect on magnetoresistance, we apply a series of pressures to perform the 
R/R measurements with H applied along the c-axis under pressure below 80 K. Let us first 
examine the comparison between 0 GPa and 2 GPa at 15 K is shown in Figure 4(a). There 
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are two marked differences. First, although there is no saturation behavior in the 0 GPa 
magnetoresistance as discussed earlier, under 2 GPa, a clear saturation feature emerges as 
H approaches ~6 kOe. It indicates that under 2 GPa the initial magnetization orientation is 
not parallel or anti-parallel to the applied field direction as in the 0 GPa case, i.e., no longer 
along the c-axis. The new initial magnetization state indicates suppressed uniaxial 
anisotropy with a reduced or negative Ku term. In fact, it requires a ~ 6 kOe c-axis field to 
fully rotate the magnetization as shown by the saturation in R/R. This field is larger than 
the demagnetizing field, 1.8 kOe, which means a pressure-induced negative Ku term or 
easy-plane anisotropy, or a pressured-induced spin reorientation transition. By comparing 
the saturation fields between 0 and 2 GPa with the consideration of the same 
demagnetizing field, we estimate that the pressure-induced easy-plane MAE magnitude is 
about 1.6 times as large as the c-axis uniaxial MAE at 0 GPa. Second, since H is oriented out-
of-plane, at high fields, the magnetization is perpendicular to the current, and the 
resistivity due to AMR approaches ρ. The apparent sign reversal from negative to positive 
magnetoresistance upon 2 GPa pressure does not mean any change in resistivity 
anisotropy. On contrary, because of the different initial magnetization orientations, the 
magnetoresistance sign reversal confirms that the same ρ‖ < ρ relation holds under 
pressure. From these observations, we conclude that easy-plane anisotropy emerges under 
2 GPa which is sufficiently strong to destabilize the c-axis spin orientation at H=0. As 
illustrated in Figure 4(a), this transition occurs between 1.0 to 1.5 GPa.  
As shown in Figures 4(b), in the absence of pressure, R/R under the c-axis field is negative 
at all temperatures. It is consistent with the perpendicular magnetic anisotropy at 0 GPa. 
The origin of the negative R/R is no different from the H||c curve in Figure 2(b). Under 2.0 
GPa, however, spin reorientation transition occurs and the initial magnetization is in the 
ab-plane below the ferromagnetic transition temperature.  Such a transition results in 
positive R/R in the small field range followed by saturation of R/R as shown in Figure 
4(c) at two representative temperatures.  The positive R/R decreases as the temperature 
increases. At 80 K, R/R becomes negative and the saturation feature seems to disappear, 
but it is clearly different from the 0 GPa 80 K curve in Figure 4(b). At 1.5 GPa, the evolution 
of the magnetoresistance effect is similar. It is worth noting that the 2 GPa 80 K 
magnetoresistance more closely resembles the 0 GPa 50 K data than the 0 GPa 80 K data, 
which suggests a possible Tc enhancement under pressure.  
Our first-principles calculations, using Quantum-ESPRESSO package, [20, 21] on bulk CGT 
at both zero and finite pressure reveal the origin of the pressure-induced change in MAE. 
We find that upon inclusion of the Hubbard U interaction of 1.0 eV the MAE, ∆𝐸 = 𝐸𝑐 − 𝐸𝑎𝑏, 
of CGT at 0 GPa equals -77 µeV per Cr atom, i.e. magnetization orientation prefers the c-axis 
over the ab-plane. This anisotropy, as well as choice of Hubbard U, is in good agreement 
with earlier calculations from Ref. [1]. Next, we fully relax the structure under hydrostatic 
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pressure and recompute the MAE. We find that at 2.5 GPa it goes through zero and has an 
opposite sign for larger pressures. Therefore, above 2.5 GPa, magnetization prefers to point 
in the ab-plane, consistent with our experimental finding. The exact value of the calculated 
transition pressure depends on the value of the Hubbard U. 
The MAE calculated above originates purely from the relativistic effects such as spin-orbit 
interaction. One can easily show that without the relativistic effects, ∆𝐸 = 0. Within the 
commonly used pseudopotential approach [22] to the density functional theory we treat 
the relativistic effects by solving the Dirac equation for an isolated Cr, Ge, and Te atom and 
use the corresponding relativistic potential in the bulk calculations for CGT.  This approach 
also enables us to selectively turn on or off the relativistic effects on individual atoms in the 
calculation.   
Since the magnetization of CGT is dominantly from Cr spins, one might think that 
relativistic effects of Cr atoms also dominate ∆𝐸. However, we find that not to be the case.  
If we repeat the earlier calculations but with relativistic effects only on Cr atoms, we find 
that the ∆𝐸 is negligibly small (only -3 µeV). Clearly, an important contribution to MAE 
must come from the relativistic effects on Ge or Te atoms. To differentiate the influence of 
each atom, we first recompute ∆𝐸 when relativistic effects are included only on Cr and Te 
atoms.  In this case we get ∆𝐸 =-122 µeV. On the other hand, if we include relativistic effects 
on Cr and Ge we get ∆𝐸 = 50 µeV.  Therefore, we conclude that at zero pressure the 
relativistic effects originating from Cr and Te atoms tend to prefer Cr-spins aligned in the c-
axis, while Cr & Ge atoms prefer them in the ab-plane. 
If we now redo these calculations with applied pressure, we find that the Cr and Te 
contribution is significantly changed from -122 µeV at 0 GPa to -31 µeV at 2.5 GPa.  On the 
other hand, the Cr and Ge contributions are only slightly modified from 50 µeV at 0 GPa to 
62 µeV at 2.5 GPa. Therefore, the pressure dependent relativistic effects originating from 
Te atoms have a decisive role in changing the sign of the MAE in CGT.   
The importance of Te atoms on MAE is further corroborated by analyzing the crystal 
structure of CGT under applied hydrostatic pressure. If we compare the calculated crystal 
structure of CGT at 0 GPa and 2.5 GPa, we find that the thickness of each CGT unit is 
reduced from 3.308 Å at 0 GPa to 3.258 Å at 2.5 GPa, or by 1.5%.  Here we define thickness 
of each unit as the vertical distance between Te atoms in the same CGT unit. If we now 
repeat the MAE calculation for the structure where instead of applying hydrostatic 
pressure we only change the vertical Te coordinate so that the CGT unit thickness is kept at 
3.258 Å (same as at 2.5 GPa), we find that the MAE is nearly the same as if we used the fully 
relaxed structure at 2.5 GPa. Therefore, we conclude that the dominant effect of pressure 
on MAE originates from the vertical displacement of Te atoms.  We also confirmed that 
keeping the thickness of each unit the same, but changing the distance between the CGT 
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layers, does not affect MAE. This off-site spin-orbit interaction of Cr and Te atoms and 
modification of Cr-Te distance with pressure differentiate the microscopic origin of the 
giant pressure-induced MAE in CGT from other 3D ferromagnets such as Fe, Ni [7], Fe3O4 
[8], etc.  
 
IV. DISCUSSION 
With the application of a moderate hydrostatic pressure, we have observed interesting 
effects in a bulk CGT single crystal on both its electronic and magnetic properties.  The 
former can be modeled by a reduced band gap which produces a factor of ~1/20 reduction 
in resistivity at 100 K with 2 GPa pressure. The latter effect is represented by a more than 
100% change in MAE which drives the spin reorientation transition from the c-axis to ab-
plane. From the first-principles calculations, we have identified that the vertical Cr-Te 
distance reduction within the CGT unit is primarily responsible for the giant MAE change.  
The threshold of the spin reorientation transition is a < 1.5% reduction in the single CGT 
unit thickness, which represents a giant magnetostriction effect. Such an extraordinary 
pressure-induced MAE change distinguishes CGT from most conventional 3D ferromagnets. 
On the atomic scale, we have found that the off-site spin-orbit interaction between Cr-Te 
and the highly anisotropic atomic displacements are the fundamental cause. These 
properties may be common among other layered ferromagnets. Our study indicates a 
possibility of controlling the preferred spin orientation even down to monolayer thick 
materials by applying moderate pressure or engineering strain.  
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Figure 1. (a) Crystal structure of CGT viewed from the a-axis direction. (b) Magnetization 
of a CGT crystal measured at 5 K with the magnetic field parallel to the c-axis and ab-plane. 
Both hysteresis loops go through zero within the experimental uncertainty of the 
superconducting magnet (~ 10 Oe).  
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Figure 2. (a) Transport measurement geometry. (b) Comparison of magnetoresistance 
measured at 5 K at 0 GPa with magnetic field along the c-axis and ab-plane. (c) Angle-
dependent magnetoresistance at different temperatures (5, 15, 50 and 80 K) at 0 GPa. 
Magnetic field orientation in the xz-plane starts from out-of-plane (xz=0), through in-
plane (xz=90), and completes 360. 
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Figure 3. Temperature dependence of two-terminal resistance under 0 GPa and 2 GPa 
from room temperature to 100 K. Inset shows the same data plotted as lnR vs. 1/T. 
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Figure 4. (a) Comparison of 15 K magnetoresistance data among 0 GPa, 1.0 GPa, 1.5 GPa, 
and 2 GPa. Magnetoresistance ratio under 0 GPa (b) and 2 GPa (c) was measured at 15 K, 
50 K, and 80 K. Magnetic field is applied along the c-axis in all cases. 
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